Two new thiospinels of the type A I 2 B II C IV 3 S VI 8 were successfully synthesized via a mechanochemical route using binary sulfides and sulfur. Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 are the first A I 2 B II C IV 3 S VI 8 compounds with magnesium as divalent cation. The crystal structures of Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 were refined in the cubic space group Fd3m using X-ray powder diffraction. According to * Prof. Dr. M. Lerch E-Mail: martin.lerch@tu-berlin.de [a]
Introduction
Some complex Cu-and Ag-based thiospinels with the general formula A I 2 B II C IV 3 S VI 8 have been described in literature. Most of these compounds are associated with tin such as Cu 2 MSn 3 S 8 with M = Mn, Fe, Co, Ni or Ag 2 MnSn 3 S 8 . [1] [2] [3] [4] [5] [6] [7] [8] In addition, titanium-containing compounds [9, 10] and even one zirconium analogue [11] are hitherto known. The cation-deficient structure of the compounds A I 2 B II C IV 3 S VI 8 offers the possibility of Li + intercalation and therefore these phases are interesting materials for Li-battery cathodes. [2, 4, 7, 12] The compounds A I 2 B II C IV 3 S VI 8 have been described in the cubic space group Fd3m [2] [3] [4] 7, [9] [10] [11] [12] or the tetragonal space group I4 1 /a. [1, 5] Copper deficiency is also mentioned for this class of materials. [13, 14] By mechanochemical milling, two new compounds of the type A I 2 B II C IV 3 S VI 8 have been successfully synthesized. The main focus of the present study concerns the synthesis, crystal structure, and magnetic behavior of Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 .
Results and Discussion

Chemical Analysis and Crystal Structure
Two new phase-pure thiospinels, Cu 2 MgSn 3 S 8 chemical procedure with a subsequent annealing step in H 2 S atmosphere. Both compounds crystallize in the cubic space group type Fd3m with a = 10.4173(2) and a = 10.6938(2) Å, respectively. The composition of Cu 2 MgSn 3 S 8 / Ag 2 MgSn 3 S 8 was confirmed by energy dispersive X-ray spectroscopy and combustion analysis and is summarized in Table 1 . X-ray powder diffraction patterns with the results of the Rietveld refinements are depicted in Figure 1 and Figure 2 . Details and refined structural parameters are listed in Table 2 , Table 3, and  Table 4 . The experimental diffraction patterns are in good agreement with the calculated ones, reflected by residual values of R wp = 0.022 for Cu 2 MgSn 3 S 8 and R wp = 0.032 for Ag 2 MgSn 3 S 8 . The total occupancies of the cation positions 8a and 16d were fixed. Wyckoff position 16d is occupied statistically by Mg and Sn. Relatively high Debye-Waller factors were obtained for Cu and Ag at position 8a ( Table 3 , Table 4 ). This has also been observed for monovalent cations in other quaternary thiospinels like Cu 2 CdSn 3 S 8 [5] or other crystal structures of quaternary chalcogenides, for example Ag 2 In 2 GeSe 6 . [15] As mentioned in the introduction, some A I 2 B II C IV 3 S VI 8 -type phases such as Cu 2 CdSn 3 S 8 [5] are reported to crystallize in the tetragonal space group I4 1 /a. However, structural refinements for Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 in lower tetragonal sym- (Table 5 ). Due to the larger ionic radius of Ag + with 1.14 Å for a coordination number of four compared to that of Cu + with 0.74 Å, [16] the unit cell of Ag 2 MgSn 3 S 8 is larger than that of Cu 2 MgSn 3 S 8 .
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The unit cells of Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 are smaller as compared to those of the corresponding Cd-bearing Cu-and Ag-compounds which can be simply explained by the smaller ionic radii of Mg 2+ (sixfold coordination) of 0.86 Å compared to that of octahedrally surrounded Cd 2+ with 1.09 Å. [16] The interatomic distances Cu/Ag-S and (Mg/Sn)-S in Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 (Table 5 ) correlate well with those observed for Cu 2 CdSn 3 S 8 (Cu-S: 2.30(1) Å; [(Cd/Sn)-S: 2.61(2) Å] [5] and Ag 2 CdSn 3 S 8 [Ag-S: 2.489(3) Å; (Cd/Sn)-S: 2.602(3) Å] [6] with slightly larger Cu-and Ag-centered sulfide tetrahedra and smaller Mg/Sn-centered sulfide octahedra.
In order to give more detailed information on the formation of well-crystalline powders, some details for Cu 2 MgSn 3 S 8 are presented in the following: first of all, it can be seen that the thiospinel was formed during milling ( Figure 3 ). Broadened reflections clearly point to small particle sizes. Consequently, the crystallite sizes of the milled and annealed samples were calculated using the Scherrer equation: [17] Δ(2θ) = κλ/Lcosθ 0 where Δ(2θ) is the full width at half maximum (FWHM), κ is the Scherrer form factor (for this determination a factor of 0.9 was used), λ is the wavelength, L is the mean size of the crystallites, and θ 0 is the diffraction angle. The crystallites after ticles were calculated for Ag 2 MgSn 3 S 8 after the milling treatment (in the range of 4.7 Ϯ 0.7 nm to 5.9 Ϯ 0.2 nm) while similar crystallite sizes were observed after the annealing step (in the range of 32.7 Ϯ 0.4 nm to 35.6 Ϯ 0.5 nm).
UV/Vis Spectroscopy
The optical properties of black-colored Cu 2 MgSn 3 S 8 and Ag 2 MgSn 3 S 8 powders were measured in diffuse reflectance geometry. The optical bandgaps were calculated using the Tauc plot method. [18, 19] A direct optical bandgap of ca. 1.65 eV was determined for both Mg-containing compounds whereas narrower indirect optical bandgaps of ca. 1.42 eV for Cu 2 MgSn 3 S 8 and ca. 1.40 eV for Ag 2 MgSn 3 S 8 were observed (Figure 4 ). 
Magnetic Properties
The temperature dependence of the magnetic susceptibility of the polycrystalline Cu 2 MgSn 3 S 8 sample is presented in Figure 5 . Down to about 50 K we observe almost temperature independent behavior. The room temperature value of -150 ϫ 10 -6 emu·mol -1 indicates diamagnetism, i.e. closedshell behavior in agreement with the electron-precise description. The increase of the susceptibility towards lower temperature results from small amounts of paramagnetic impurity phases (Curie tail).
Since we deal with an electron-precise compound, one can compare the experimentally determined susceptibilities with those calculated from diamagnetic increments. [20] Using the increments (in units of -10 6 emu·mol -1 ) for Cu + (12), Mg 2+ (5), Sn 4+ (16) and S 2-(30) we obtain a value of -307 ϫ 10 -6 emu·mol -1 for the intrinsic diamagnetic contribution of Cu 2 MgSn 3 S 8 . The experimental value is of the same order of magnitude. Due to the small paramagnetic impurity phase we observe a smaller experimental value.
Mössbauer Spectroscopy
The experimental and simulated 119 Sn Mössbauer spectrum of Cu 2 MgSn 3 S 8 (6 K data) is presented in Figure 6 . The corresponding fitting parameters are listed in Table 6 . The spectrum could reliably be reproduced with a single signal with a small quadrupole splitting contribution, most likely a consequence of the mixed site occupancy on the 16d position, generating small distortions. The isomer shift value is in excellent agreement with thiostannates (IV). [21] The slightly enhanced line [22] followed by sulfidation of the obtained magnesia in H 2 S-atmosphere at 1023 K for three hours. SnS was synthesized using a high-temperature solid-state synthesis route based on the elements Sn (Merck, 99.9 %) and S (Fluka, 99.99 %) as starting materials (evacuated and sealed SiO 2ampoules).
Chemical and Structural Characterization:
A Panalytical X'Pert PRO diffractometer with Cu-K α radiation (Bragg-Brentano geometry) was used for the X-ray diffraction measurements. The diffraction data was obtained over an angular range of 10-120°with a step size of 0.026°and an exposure time of 60 s at each point. Rietveld refinements [23] were carried out using the program Fullprof Suite [24] by applying a pseudo-Voigt function. For elementary analysis, energy dispersive X-ray spectroscopy (EDX) was carried out using a DSM 982 GEMINI spectrometer (Carl Zeiss AG, Oberkochen, Germany) equipped with a XFlash 6|60 detector (Bruker, Billerica, USA). EDX measurements were performed at the Zentrum für Elektronenmikroskopie (ZELMI) of TU Berlin. For the determination of the phase composition using EDX analysis a device error of 5 % is presumed. Furthermore, the sulfur content of both samples was determined using a FlashEA 1112 elemental analyzer (Thermo Scientific TM , Waltham, USA) with a given device error of about 2 %. Additional measurements were carried out with a RIGAKU SmartLab 3 kW system equipped with a Kα 1 unit (Johansson-type Ge crystal, Cu-K α1 radiation, λ = 1.54060 Å).
